The nonlinear (NL) optical properties of glassy xBi 2 O 3 -(1Àx) GeO 2 with x ¼ 0.72 and 0.82 were investigated. The experiments were performed with lasers at 800 nm (pulses of 150 fs) and 532 nm (pulses of 80 ps and 250 ns). Using the Kerr gate technique, we observed that the NL response of the samples at 800 nm is faster than 150 fs. NL refraction indices, jn 2 j % 5 Â 10 À16 cm 2 /W, and two-photon absorption coefficients, a 2 , smaller than 0.03 cm/GW, were measured at 800 nm. At 532 nm, we measured the NL transmittance of the samples. From the results obtained, we determined a 2 %1 cm/GW and excited-state absorption cross-sections of %10 À22 cm 2 due to freecarriers. V C 2013 AIP Publishing LLC. [http://dx
Nonlinear optical properties of Bi 2 O 3 -GeO 2 glass at 800 and 532 nm The nonlinear (NL) optical properties of glassy xBi 2 O 3 -(1Àx) GeO 2 with x ¼ 0.72 and 0.82 were investigated. The experiments were performed with lasers at 800 nm (pulses of 150 fs) and 532 nm (pulses of 80 ps and 250 ns). Using the Kerr gate technique, we observed that the NL response of the samples at 800 nm is faster than 150 fs. NL refraction indices, jn 2 j % 5 Â 10 À16 cm 2 /W, and two-photon absorption coefficients, a 2 , smaller than 0.03 cm/GW, were measured at 800 nm. At 532 nm, we measured the NL transmittance of the samples. From the results obtained, we determined a 2 %1 cm/GW and excited-state absorption cross-sections of %10 À22 cm 2 due to freecarriers. Glassy materials for nonlinear (NL) photonics have been intensively studied in the past years. In particular, there is great interest in glasses based on heavy-metal oxides (HMO) because they present large NL behavior, high transmittance in the near-infrared and visible, large chemical durability, and good temperature stability. The large third-order optical susceptibility, v ð3Þ , due to the high polarizability of the heavymetal ions, allows applications of HMO glasses in optical limiting, optical amplifiers, and all-optical switching. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The HMO glasses containing bismuth oxide, Bi 2 O 3 , present large nonlinearity because of the high polarizability of the Bi 3þ ion due to its lone-electron pair in the valence shell and its large ionic radius. Moreover, with the introduction of Bi 2 O 3 in a HMO glass network, the number of nonbridging oxygen grows, and thus, the optical refractive and absorptive properties of the material increase. The NL properties of glasses with Bi 2 O 3 were discussed by various authors that report large NL refractive index and high twophoton absorption (TPA) coefficients for certain glass compositions. [7] [8] [9] [12] [13] [14] [15] For instance, the influence of Bi 2 O 3 on the structural, thermal, and NL optical properties of phosphate glasses was investigated recently. 9 The results obtained show that the NL refractive indices increase with the increase of the Bi 2 O 3 concentration.
Among the HMO glasses of interest Bi 2 O 3 -GeO 2 glass (labeled as BGO glass) was characterized with respect to its properties of photoluminescence (PL), [16] [17] [18] [19] [20] [21] [22] optical amplification, and stimulated Raman. [20] [21] [22] The synthesis of this glass is simple and the results in the literature [16] [17] [18] [19] [20] [21] [22] indicate that BGO glass is a good choice for photonic applications. Moreover, with basis on published results for the several materials containing Bi 2 O 3 , we expect that BGO glass can also be used for NL photonics.
In this paper, we report on NL experiments with BGO glass at 800 nm and 532 nm. Optical response faster than 150 fs, NL refractive index of %5 Â 10 À16 cm 2 /W, and TPA coefficient, a 2 , smaller than 0.03 cm/GW were measured at 800 nm. Experiments to measure a 2 at 532 nm with picosecond and nanosecond lasers were also performed. The results indicate that the BGO glass presents large TPA coefficient (%1 cm/GW) and free-carriers absorption cross-sections of %10 À22 cm 2 .
II. EXPERIMENTAL DETAILS
The samples were produced by the melting-quenching method using the starting compositions (in wt. %): 72Bi 2 O 3 -28GeO 2 (sample A) and 82Bi 2 O 3 -18GeO 2 (sample B). The reagents were melted in an alumina crucible for 1 h at 1100 C, quenched in air inside a preheated brass mold, and annealed at 420 C. Heat-treatment of the samples was performed to minimize internal stress. Finally, the samples were cut and polished for the optical measurements.
A commercial spectrophotometer was used to measure the linear optical absorption spectra of the samples. Two laser sources were used for the NL experiments. A modelocked Ti-sapphire laser (800 nm, 76 MHz, 100 fs) was used for measurements based on the Kerr-gate technique. 3 The second harmonic of a Q-switched and mode-locked Nd:YAG laser was used for measurements at 532 nm. Two laser configurations were used. In one configuration, single 80 ps pulses with repetition rate of 6 Hz were extracted from the pulse-train using an electro-optical switch (pulse-picker). In another experimental configuration, the pulse-picker was removed and the 250 ns Q-switch envelope containing 20 pulses of 80 ps separated by %13 ns was incident on the sample with repetition rate of 6 Hz. In both cases, the NL transmittance of the samples was measured using two a)
Author to whom correspondence should be addressed. Electronic mail: cid@df.ufpe.br. photodiodes to determine the ratio between the transmitted and the incident laser intensity. Figure 1 shows the linear absorption spectra of the samples from the blue/green to the near-infrared. Notice that the short wavelength absorption-edge shifts to longer wavelengths when the Bi 2 O 3 content is increased as it was already noticed for other glass compositions containing bismuth. 23, 24 The absorption-edge shift is attributed to the formation of non-bridging oxygen units that occurs when the bismuth oxide amount is increased.
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III. RESULTS AND DISCUSSIONS
The linear refractive indices and the linear absorption coefficients of the samples studied are given in Table I . The refraction index of samples A and B differ by %5% which is about the ratio between the polarizabilities of the samples considering the relative amount of Bi 2 O 3 and GeO 2 , in agreement with Ref. 25 . We also notice that the linear absorption coefficient of sample B is smaller than the absorption coefficient of sample A, in accordance with Ref. 15 , which shows that the absorption from the green to the nearinfrared region is mainly due to the presence of GeO 2 .
The results of the NL experiments are described below for experiments performed with different excitation conditions.
A. Femtosecond nonlinearity at 800 nm
The NL response of the samples at 800 nm was investigated using the Kerr-gate technique. 3 To perform the experiments, the laser beam was split in pump and probe beams with intensities of 1.2 GW/cm 2 and 120 MW/cm 2 , respectively. The sample was positioned between two crossed polarizers and the angle between the electric fields of the two incident beams was 45 C. When the pulses of the two beams overlap spatially and temporally on the sample, the pump beam induces a NL birefringence that produces polarization rotation of the transmitted probe beam. The rotation mechanism is due to v ð3Þ and the phase induced by the pump beam on the probe beam is given by / NL ¼ 2p n 0 d n 2 I P 2=3k, where I P is the pump intensity, n 0 d is the optical path inside the sample of thickness d, and k is the optical wavelength. 3 Due to the polarization rotation, a fraction of the probe beam is transmitted through a polarizer/analyzer, which is oriented perpendicularly to the electric field of the incident probe beam. The transmitted signal is analyzed as a function of the delay time between the pump and probe pulses. Table II . The inset of Fig. 2 shows the signal corresponding to CS 2 with two decay times: a fast one (<50 fs) and a slow one of %2 ps to illustrate the time resolution of the experimental setup.
Trials to determine a 2 in one-beam experiment measuring the transmitted intensity as a function of the incident beam intensity were unsuccessful indicating that a 2 is smaller than the minimum value that our setup can measure (0.03 cm/GW). Because the sensitivity of the setup used does not allow the precise measurement of the a 2 value, it is not possible to evaluate the potential of BGO for all-optical switching. The value of a 2 k=n 2 the figure-of-merit obtained would indicate possible use of BGO if the actual value of a 2 is at least smaller than 0.03 cm/GW by a factor 5. NL transmittance experiments were performed using the second harmonic of a mode-locked and Q-switched Nd:YAG laser (532 nm). The NL behavior of the samples at 532 nm is illustrated in Fig. 3 that shows the transmitted intensity through the samples as a function of the input laser intensity. The incident intensity was controlled using a k/2 waveplate followed by a glan-prism that determines the linear polarization of the exciting laser beam arriving in the sample. The incident and transmitted intensities were detected using silicon photodiodes after attenuation with calibrated filters. Fig.  3 (a) was obtained with single 80 ps pulses at 6 Hz, while Fig.  3(b) was obtained using bursts of %20 pulses of 80 ps at 6 Hz. In both cases, it is clear that a deviation from the linear behavior indicates NL absorption of the incident beam.
To determine the NL parameters of the samples, we described the laser propagation along the z direction by 
where IðzÞ is the beam intensity at the position z inside the sample in a given instant, a 0 is the linear absorption coefficient, a 2 is the TPA coefficient, N is the photogenerated free-carriers density, and r FC is the free-carriers absorption cross-section. The entrance and exit faces of the sample correspond to z ¼ 0 and z ¼ d, respectively. The free-carriers density is governed by the equation
Iðz; tÞ;
where hx is the photon energy. A term related to the freecarriers relaxation time, s N , was not included in Eq. (2) because we assumed that s N > 250 ns. For experiments with single pulses, the system of equations (1) and (2) has the analytical solution given in Ref. 7 that can be applied to describe the results of Fig. 3(a) . However, for excitation with bursts of 80 ps pulses with an envelope of 250 ns, we have to consider the successive excitation of free-carries by each pulse of the burst. The Qswitched burst was represented by Iðz; tÞ ¼ f ðtÞ IðzÞ, where f ðtÞ is the normalized temporal profile of the burst, i.e., the Q-switched Gaussian envelope of about 250 ns FWHM containing %20 pulses of 80 ps separated by %13 ns. Equation (2) (1), we obtain the intensity transmitted through the sample that is given by the expression
where d is the sample thickness, R is the reflectance of each sample-air interface, For low intensities and single pulse excitation, it agrees with the result presented in Ref. 28 . Notice that Eq. (4) has two independent parameters, a 2 and r FC , that can be determined from the best fitting of Eq. (4) to the experimental data.
The data obtained in the 80 ps experiments, shown in Fig. 3(a) , were fitted choosing r FC ¼ 0, in accordance with our expectation that free-carriers absorption does not play an Table II. To analyze the results of the 250 ns experiments, the values of a 2 determined in the 80 ps experiments were used, and a data fitting was performed to obtain the values of r FC . It is important to remark that the results of Fig. 3(b) for 250 ns excitation could not be fitted with r FC ¼ 0. The r FC values, indicated in Table II , are the best values obtained using the software MATHCAD.
The calculated results for both excitation conditions are represented by the solid lines in the Figs. 3(a) and 3(b) .
Notice that the NL absorption parameters measured at 532 nm have the same order of magnitude than for typical semiconductors 29, 30 and indicate that the BGO glass can be used for optical limiting in the pico-and nanosecond regimes.
IV. SUMMARY
In the present work, we analyzed the NL behavior of Bi 2 O 3 -GeO 2 glass at 532 nm and 800 nm for two relative concentrations of the constituents' compounds. The results show that this material presents large two-photon absorption at 532 nm and is a good candidate for optical limiting in the picosecond and nanosecond regimes. On the other hand, BGO glass presents ultrafast optical response, high refractive nonlinearity, and low nonlinear absorption at 800 nm, but it seems not competitive for all-optical switching in the femtosecond regime.
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